The taxonomy of the N 2 -fixing bacteria belonging to the genus Bradyrhizobium is still poorly refined, mainly due to conflicting results obtained by the analysis of the phenotypic and genotypic properties. This paper presents an application of a method aiming at the identification of possible new clusters within a Brazilian collection of 119 Bradyrhizobium strains showing phenotypic characteristics of B. japonicum and B. elkanii. The stability was studied as a function of the number of restriction enzymes used in the RFLP-PCR analysis of three ribosomal regions with three restriction enzymes per region. The method proposed here uses clustering algorithms with distances calculated by average-linkage clustering. Introducing perturbations using sub-sampling techniques makes the stability analysis. The method showed efficacy in the grouping of the species B. japonicum and B. elkanii. Furthermore, two new clusters were clearly defined, indicating possible new species, and sub-clusters within each detected cluster.
Introduction
The ribosomal genes, with emphasis on the 16S rRNA, have been the preferred molecules to trace bacterium phylogenies since they are highly conserved, but with enough variability to enable species cluster analyses, inferring common ancestors and evolutionary progression [19, 10] . As a result of the increasing use of ribosomal sequences for taxonomic purposes, identification of genotypic, detection of new species, and environmental monitoring, among others, the deposition of sequencing data in databases that are free to consult is growing exponentially.
Sequencing analysis can be very expensive; however, there are other cheaper methods to analyze ribosomal genes, which can be used as a first approach to evaluate diversity and taxonomic position. It has been shown that the amplification of DNA region coding for ribosomal genes by the PCR (polymerize chain reaction) technique, followed by digestion with restriction enzymes [the RFLP (restriction fragment length polymorphism)-PCR technique] correlates quite well with the sequencing analysis of those genes [28, 2, 14] . The lower cost of this technique can be useful as a first step to investigate diversity in the tropics, where few studies have been performed, despite wide indications that the region carries the highest levels of diversity known so far. However, the analysis of the electrophoretic profiles produced by RFLP-PCR analysis can be critical for the correct assignment of clusters and species. The results of RFLP-PCR analyses are images with, in most cases, high background noise, low contrast and geometrical deformation which may result in different interpretations. Thus, the analysis of the electrophoretic profiles needs to be stable, reproducible, and avoid individual interpretation.
Clustering is widely used in exploratory analysis of biological data. The goal is the partitioning of the elements into subsets, which are called clusters, so that two criteria are satisfied: homogeneity (elements in the same cluster are highly similar to each other) and separation (elements from different clusters have low similarity to each other) [13, 25] . The analysis of cluster stability is a means of assessing the validity of data partitioning found by clustering algorithms [24, 12, 18] .
Recently, the research of microorganism population has been increased with the approach of much information from DNA. In [15] the authors described a population structure of the Bacillus cereus group (52 strains of B. anthracis, B. cereus, and B. thuringiensis) from sequencing of seven gene fragments. Most of the strains were classifiable into two large sub-groups in six housekeeping gene. As a result there were several consistent clusters with distinct biological interpretations. Also, [6] used viral diseases of tomato caused by monopartite geminiviruses (family Geminiviridae) from countries around the Nile and Mediterranean Basins. The molecular biodiversity of these viruses was investigated to better appreciate the role and importance of recombination and to better clarify the phylogenetic relationships and classification of these viruses.
On the other hand, as many DNA regions are incorporated into the analysis, the data are becoming more complex and new approaches need to be developed. In [1] the authors made a comparison of the phylogeny of 38 isolates of chemolithoautotrophic ammonia-oxidizing bacteria based on 16S rRNA and 16S-23S rDNA intergenic spacer region sequences was performed to species affiliations based on DNA homology values. In [20] the phylogenetic relationships of 51 isolates representing 27 species of Phytophthora was studied by sequence alignment of the mitochondrially encoded cytochrome oxidase II gene. The authors compared the results from a partition homogeneity from ITS cox II. The study was made from trees constructed by a heuristic search, based on maximum parsimony for a bootstrap 50% majority-rule consensus tree.
The method described here uses clustering algorithms [5] with the matrix of similarity calculated by Pearson correlation [27] from nine restriction enzymes (three for each of the three ribosomal regions). The stability analysis was performed by introducing perturbations using sub-sampling techniques [3, 4, 18, 21] . The consensus trees were generated using the Phylogenic Inference Package (PHYLIP) [7] . This multidimensional approach will consider a set from these combinations. The total number of sets represents 511 experiment combinations. Most of the time, phylogenetic studies are developed from a specific experiment. In our analysis, the experiments were grouped by the resulting number of stable clusters. A consensus tree was performed inside these groups. The main supposition around this procedure is that the consensus tree should be better performed using a similar set obtained from a same number of stable clusters.
This work aimed at the identification of clusters within the genus Bradyrhizobium, considering a collection of Brazilian strains and using the multidimensional cluster stability method. The method was performed as a function of the number of enzymes used in the RFLP-PCR analysis of three ribosomal regions. It has been suggested that variability in the 1.5 kb of the 16S rRNA region of Bradyrhizobium is very low [26, 30] . Thus, two other regions were included in our study, the 23S rRNA, with a longer fragment (about 2.3 kb) and a faster rate of sequence change [19] , and the 16S-23S rRNA intergenic spacers (IGS) [26, 30] .
The paper is organized as follows. In Section 2, we present the concepts of similarity, stable cluster and consensus tree. In Section 3, we present the collection of bacteria and describe the complete method used. Section 4 presents the results and discussion and Section 5 contains the conclusions.
Theory
Clustering is one of the most useful tasks in data mining processes for discovery groups and identifying interesting patterns in underlying data. A large data set often consists of many clusters, and some of these clusters may just be the result from noise or from an artifact from the process. Different clustering processed may result in a different partition of the data set. One of the most important issues in cluster analysis is the evaluation of clustering results to find the partitioning that best fits the underlying data. This is the main subject of cluster validation. For a low-dimensional data set, it is clear that visualization of the data set and clusters is a crucial verification of clustering results. In the case of more than threedimensional data sets, the effective visualization would be a hard task.
Typically, the application of any cluster algorithm needs the choice of specific parameters like number of clusters. The results supplied by the clustering algorithm may depend strongly on this choice. At the lowest resolution, all N points belong to one cluster; on the other hand, one has N clusters of a single point each. As the resolution is changed, data points may be broken into different sub-clusters. In our case, one would like to pursue a specific partitioning of the data that captures a particular important aspect described by a natural clustering in the data set. One of the most important issues in cluster analysis is the evaluation of clustering results to find the partition that best fits the data set. For a comparative analysis of clustering and validation techniques see [12] , or for a clustering review see [5] .
A clustering C is a partition of data set D into sets
Let the number of data points in D and in cluster C k be n k , n = K k=1 n k ; it will also be assumed that n k > 0. The parameter K represents the number of non-empty clusters in D. Let a second clustering of the same data set
with individual clusters of size n k . An important class of criteria for comparing clustering is based on counting the pairs of points on which two clusterings agree/disagree.
The measures of similarity between two clusters proposed [18, 3, 21] will be briefly described and discussed in terms of an improvement to adapt to this problem. The matrix representation of a partition is defined by (2) counts the number of pairs of elements clustered together in both clusterings. This inner product can be normalized [3] into a stability measure by
The use of resampling to discover natural clustering is an intensive computational approach. Depending on how large the data set is and the number of sub-samples, the computational resources needed until now have been insufficient and a personal computer may not be the best environment. On the other hand, many works have been done on how to improve this computational performance using a computer cluster for a better performance; see e.g. [22] or [23] .
To evaluate the clustering C using resampling [21, 18] , one considers m new data sets constructed from randomly resampling from M, M , with a sampling ratio f , 0 < f < 1. To evaluate the clustering C from M one considers the metric Eq. (3) between C and C but using only the data points from M present in M. This main idea is to compare a reference cluster obtained from all samples with many clusters from sub-samples of the original dataset. Similarity is calculated between C and C and the stability is evaluated for the whole collection of similarities.
For a natural partition, [4] and [3] adopted the data set if the similarity is concentrated near one. It can be observed that sub-samples with high similarity have the same general structure as the complete dataset, so this cluster is stable. In accordance with [17] the similarities between C with different clustering C is an estimation problem where C is a stochastic process that generates different partitions on different runs. In our approach, we adopted a threshold value and used a hypothesis test with p < 0.05 to discern if the sequence of similarities was performed from a stable partition.
The experiments are grouped by the number of clusters that are stable and a consensus tree is obtained for each group. The consensus method used in this study is the Majority Rule (extended) where any set of species that appears in 50% or more of the trees is included. To complete the tree, the other sets of species are considered in the order of the frequency in which they appear, adding to the consensus tree any which is compatible with it until the tree is fully resolved [7] .
Materials and methods
All strains used are from the Brazilian culture collection of rhizobia, classified as Bradyrhizobium in the catalogue of [8] . The data set consists of a 119 strains of Bradyrhizobium isolated from 33 legume species, representing nine tribes, and all three sub-families of the family Leguminosae were analyzed by RFLP-PCR. The strains have been described elsewhere [11] , and the RFLP-PCR process will be briefly described. This study used RFLP-PCR-amplified DNA region coding from 16S, 23S and 16S-23S rRNA intergenic spacer (IGS) from rRNA genes, and three replicates of DNA of each bacterium were used for the amplification. For 16S, universal primers described by [29] were used. The PCR products were then digested with three restriction endonucleases, CfoI, MspI and DdeI (Invitrogen -Life Technologies), as recommended by the manufacturers. The fragments obtained were analyzed by electrophoresis in a gel (17 × 11 cm) with 3% agarose, and carried out at 100 V for 4 h. The gels were stained with ethydium bromide and photographed under UV light. RFLP-PCR of the 23S rRNA region was amplified with primers P3 and P4 described by [20] . The PCR products were digested with three restriction endonucleases, HhaI (= CfoI), HaeIII and Hinf I, as recommended by the manufacturers. RFLP-PCR of the 16S-23S rRNA intergenic spacer was amplified with primers FGPS1490 and FGPS 132 described by [16] . The PCR products were then digested with the restriction enzymes MspI, DdeI and HaeIII (Invitrogen-Life Technologies), as recommended by the manufacturers. The fragments were visualized as described in the RFLP-PCR of the 16S rRNA region.
Among these strains, six have been shown to belong to the species B. japonicum (SEMIA 566, SEMIA 586, SEMIA 5056, SEMIA 5079, SEMIA 5080 and SEMIA 5085) and B. elkanii (SEMIA 587 and SEMIA 5019) [9] . Strain SEMIA 5056 is the same as USDA 6, the type of strain for the species B. japonicum. Furthermore, two reference strains were included: B. elkanii type strain USDA 76 and B. elkanii BTAi 1, a strain that nodulates roots and stems of Aeschynomene and seems to occupy a distinct phylogenetic position [14] . The DNAs of the strains were analyzed by the RFLP-PCR of three ribosomal regions followed by the digestion with three restriction enzymes per region, as follows: 16S rRNA (CfoI, MspI and DdeI), 23S rRNA (HhaI (= CfoI), HaeIII and HinfI) and IGS (MspI, DdeI and HaeIII). Details of the methodology are given elsewhere [11] . The electrophoresis gels (17×11 cm) obtained were stained with ethydium bromide and photographed under UV radiation using a digital Kodak DC120 camera (Eastman Kodak).
To simplify the description of the method, a reference name was given for each combination of restriction enzyme and ribosomal region: enzyme 1(Cfo I -16S), enzyme 2(Dde I -16S), enzyme 3(Dde I -IGS), enzyme 4(Hae III -IGS), enzyme 5(Hae III -23S), enzyme 6(Hha I -23S), enzyme 7(Hinf I -23S), enzyme 8(Msp I -16S) and enzyme 9(Msp I -IGS). The first part of the method starts with image processing (noise removal and segmentation of lanes) of the electrophoresis gels. The lanes of the gels were separated one by one into files. These files of images were submitted to a treatment for the removal of background noise, attenuation in the formats of the bands and the removal of tendencies of irregular growth.
After pre-processing, the files of images were normalized making the conversion of the images into numbers and creating a matrix m × n, where m is the bacteria data for one respective enzyme and n is the length of the gel. All combinations of bacteria and enzymes were processed, generating 511 experiments. These combinations were made starting with all bacteria using one enzyme/ribosomal region and followed until nine enzymes were added. All combination of enzyme/ribosomal region are described in Table 1 .
The parameters used for evaluation of stability were: numbers of possible clusters present in dataset: K = 2, . . . , 10;
fraction of patterns sampled: f = 0.8 (95 bacteria); number of sub-sets equal to 25. A cluster has been considered stable when all similarities of 25 sub-sets were over 0.65 and p > 0.05. In the second part of the method, a grouping of all experiments by number of stable clusters is performed. A tree is generated in each experiment and grouped by number of stable clusters. Then, these tree collections are processed by the consensus algorithm, using the Majority Rule (extended) [7] , generating four consensus trees, one for each partition under study.
Results
In the first development, each experiment required one hour of processing, using Octave/Linux and computers Pentium IV with 2.2 GHz and 800 MB of RAM. The processing was divided among seven computers and the processing of the 511 experiments took approximately 360 h. A C program running in a cluster with ten computers (Xeon Dual 2.4 GHz and 1 GB RAM) with Linux -OpenMosix/MPI took eight hours of processing.
In Fig. 1 , the x-axis is the experiment number (1-511) and the y-axis is the number of stable clusters for each experiment (represented by a circle). It can be observed that the number of stable clusters increases with the number of experiments, indicating that when new information from the genome is added to the analysis the number of stable clusters increases. The continuous line is a polynomial interpolation function of three degrees to analyze the growth tendency of the numbers of stable clusters. This shows that the system is not stable yet and the inclusion of more regions would be necessary to complete the study.
The numbers of stable clustering are concentrated in three, four, five and six partitions that accumulate 78% of experiments, two partitions accumulated 11% and all others (k = 7, 8 and 9) accumulated less than 4% of the total experiments. Only consensus trees belonging to these collections of stable clusters have been considered. In Fig. 2 , the x-axis is the experiment number (1-511) and the y-axis is the stability (represented by a circle). It can be observed that the similarities have high variance for the first experiments, decreasing as the number of experiments increases, tending to concentrate near 0.76 when the number of experiments is around 500 (these experiments use eight and nine enzymes). This can be interpreted as when enzymes are added to the system the initial variance of the system decreases and the similarities tend to reach a stable value. In addition, in Fig. 2 , the circles 1, 2, 4 and 5 show a set of experiments with high similarities. In circle 1, the predominant enzyme/ribosomal region is CfoI 16S, and in circle 2, the predominant enzyme/ribosomal regions are CfoI 16S and DdeI 16S. In circle 4, the predominant enzyme/ribosomal regions are DdeI 16S and DdeI IGS and in circle 5, the predominant enzyme/ribosomal regions are CfoI 16S, DdeI 16S and DdeI IGS. Circle 3 shows a set of experiments with low similarities and the predominant enzyme/ribosomal regions are DdeI IGS and HaeIII IGS. As expected, the 16S region is important for a stable cluster formation, while IGS performs a variability that induces a low stability experiment.
Figs. 3-6 show the dendrograms of the consensus tree from these stable clusters, respectively. Five clusters including the same strains were maintained in these four consensus trees, with differences only in the position inside of each tree. The analysis of the consensus trees were then made in relation to these five clusters, named A, B, C, D and E. Cluster A presented a variation in the placement of the strains inside the sub-clusters and in the lengths of branches among four consensus trees, as well as a high level of variability, with the formation of several sub-clusters. Cluster A grouped all reference strains of the B. japonicum species: SEMIA 566, SEMIA 586, SEMIA 5079, SEMIA 5080, SEMIA 5085, and the type strain SEMIA 5056. The small cluster B was similar in both consensus trees and grouped only three strains, SEMIA 6166, SEMIA 6167 and SEMIA 6154. Cluster C grouped two reference strains of B. elkanii species, SEMIA 587 and SEMIA 5019 and the strain BTAi 1 (Bradyrhizobium sp.). Cluster D grouped the same strains in these four consensus trees, and the same sub-clusters were observed. Type strain USDA 76 of B. elkanii fit into an isolated branch. The strains found in cluster E were the same in these four consensus trees; differences were observed in the position within the sub-clusters. The sub-clusters in cluster E differed from all consensus trees.
Clearly, clusters B, D and E were defined besides B. japonicum and B. elkanii. Furthermore, the strains that fit into those three clusters did not show the physiological properties of the two other described Bradyrhizobium species, B. yuanmingense and B. liaoningense [11] . Cluster D grouped 13 strains, eight from Brazil, four from Paraguay, and the type strain USDA 76. Cluster E grouped ten strains, eight from Brazil, one from Bolivia, and one from Colombia. Tables 2 and 3 contain the list of strains from clusters D and E, respectively, for the four consensus trees.
Conclusion
This work presented a method for the identification of possible natural clusters in a Brazilian culture collection of N 2 -fixing Bradyrhizobium strains. The five clusters identified (A, B, C, D and E) showed high variability inside of the four consensus trees, indicating that these clusters might represent new species or sub-species. Cluster A grouped a major number of strains and grouped all reference strains of the B. japonicum; therefore it might also contain sub-species. Cluster B could represent a new species, as the strains were genetically quite dissimilar from reference strains. Cluster C might also represent a new species, since it grouped BTAi 1, a strain that seems to occupy a distinct phylogenetic position [14] . Although cluster C grouped two reference strains of B. elkanii (SEMIA 587 and SEMIA 5019), these strains were isolated in Brazil; thus they might be different from USDA 76. Cluster D might possibly contain sub-species, since grouped type strain USDA 76 of B. elkanii occupying an isolated branch in the four consensus trees. Finally, cluster E might certainly represent a new species, since the similarity with B. japonicum and B. elkanii was very low.
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